Abstract-Aiming at the trajectory planning problem of robots in collaborative surroundings, especially for dynamic obstacles, like human body, a real-time collision avoidance approach is proposed. Firstly, RGBD camera Kinect is utilized to recognize and locate the human body. And then, the distances of human-robot are obtained through a new sample method. Moreover, the trajectory is generated by the proposed approach(APF-RV), which combines artificial potential field method(APF) with repulsive vector method(RV). In order to improve safety and efficiency of robots, this method does not only consider static obstacles, but also takes into account the movement of dynamic obstacles. Then, simulation experiment is utilized to execute the new method and optimize parameters. Besides, further physical experiment is conducted by UR5 robot to verify the feasibility and effectivity of the designed real-time collision avoidance algorithm.
I. INTRODUCTION
Since traditional robots fail to guarantee the safety during collaborative work with workers, they are limited in the field of human-robot collaboration [1] . For this problem, collaborative robots gradually attracted the attention of researchers. Unlike traditional robots, which are usually isolated with workers when used, collaborative robots can be co-located with human beings [2] . In order to ensure the safety of human-robot collaboration, collaborative robots generally adopt the collaborative mode which limits power and force of robots [3] , which leads to some problems, one is that in the environment of human-robot coexistence, the activities of workers may hinder the normal operation of robots. As a consequence, robots will suspend the working process when the collision occurs with the human body or other obstacles, or even worse, if the obstacle is always present, robots will repeatedly reduce speed or even stop working to ensure safety during the operation, and the working efficiency of robots will be greatly affected [4, 5] .
In order to ensure that collaborative robots can accomplish operational tasks in a complex working environment of human-robot coexistence, robots need collision avoidance ability, especially for dynamic obstacles. Algorithms used in trajectory planning are mainly divided into two categories: global collision avoidance algorithms and local collision avoidance algorithms. Concerning to the first one, the global collision avoidance algorithms include configuration space method [6] sample-based method [7] and so on. The specific methods include C-space method [8] , A* algorithm [9] , unit decomposition method, etc. The global collision avoidance algorithms need global modeling and searching for the optimal solution, which need global information and require a large amount of computation. Therefore, global collision avoidance algorithms are not suitable for avoiding dynamic obstacle, like human body [5] . Respecting to the latter one, local collision avoidance algorithms, such as the artificial potential field method [10] , have advantages of low computational complexity and high real-time performance, but artificial potential field method fails to react to dynamic obstacles. Repulsive vector method [11] optimizes the trajectory for the dynamic obstacle which has a good performance when solving the dynamic collision avoidance problems. However, the repulsive vector method will have a high complexity when the state of obstacle changes from moving to static, which will affect the working efficiency of robots. In order to avoid the collision of human-robot and improve the working efficiency of collaborative robots, a new collision avoidance method(APF-RV) is proposed both suitable for static and dynamic obstacles. The ultimate goal is to achieve the task of the target object capture by collaborative robots under the conditions of dynamic obstacle. Therefore, this paper analyzes and resolve the problem of dynamic trajectory planning of collaborative robots in target capture task, and puts forward a new trajectory planning method(APF-RV) which is improved by the both artificial potential field method as well as repulsive vector method. Apart from having the competence to avoid static obstacles, this method can also be applied to dynamic obstacles avoidance. In section 2, we brief a method of how to get the human-robot distance by Kinect. The principles of APF method and RV method have been stated in section 3, where the designed algorithm has been proposed as well, and experiment by UR robot and Kinect is in the Section 5, further verifying the performance of the new algorithm.
II. THE ACQUISITION OF HUMAN-ROBOT DISTANCE

A. Identification and Location of Human Body
RGBD camera Kinect has three cameras, namely RGB color video camera, infrared transmitter and infrared ray CMOS camera. RGB color camera can be used to capture color images. The 3D structured optical depth sensor is formed by Infrared transmitter and infrared line CMOS camera, which is often used to capture the body's movements and joint position. Human-robot interaction environment includes deep integration between human body and robots, where Kinect is used to capture the human body position and transform it into the base coordinate system to assist robots in the task of collision avoidance [12] .
Kinect body sensor can get the depth (infrared), color and audio information. Its color frame and depth frame resolution are 1920 × 1080 and 512 × 424 respectively. In the C++ programming language, the common routines involve Audio Data Processing Console, Body Data Index Console, Color Information Acquisition Console and Depth Information Acquirer. In this paper, a project is created to carry out the application of Kinect, and computer vision library is used to display the collected image data.
The final body recognition is shown below: 
B. Camera Calibration
The Camera calibration is used to calibrate both the internal and external reference parameters. The internal parameters make up a transformation matrix, which is a homogeneous transformation relationship between the camera coordinate system and the pixel coordinate system. For this part, Zhang Zhengyou calibration method [13] is used to obtain those parameters.
The external reference is a homogeneous transformation matrix between the target coordinate system and the Kinect camera coordinate system, where the target coordinate system is the base coordinate system of the UR5 robot, and the calibration work is to obtain the homogeneous transformation matrix. The parameters are briefly given by (1).
( )
Where R is a rotation matrix with three independent parameters, and t as a translation matrix has three independent parameters. Firstly, the end-effector position in the camera coordinate system was obtained from pixel position by using Kinect routine function (MapperColorPointToCameraPoint). Multiple sets of points were obtained in the same way, and then the rotation matrix and the translation matrix were obtained by using least squares method.
C. Human-robot Distance acquisition
In order to obtain the distance between the end-effector and the human body, the positions of both in the same coordinate system are required. In order to better meeting the collision avoidance requirements, human body position is placed in base coordinate system changed from the camera coordinate system by using rotation and the translation matrix ( ) | R t . Since human body has been identified and located in section , the left hand is selected as the obstacle because it often is closest to the robot in collaborative surroundings, and then its position Using the space vector method, actual distance is calculated.
And then Line function of OpenCV is used to draw a straight line between left hand and end-effector, and distances is displayed by using PutText function.
Finally, the distance between the human body and the end-effector of the robot is identified as shown below 
III. TRAJECTORY GENERATION
A. Static Obstacle Avoidance Trajectory
When a static human body hinders the movement of the robot, artificial potential field method (APF) [14] will be used to solve the collision avoidance problem. The basic principle of the APF method is that the movement of the end-effector in the environment is regarded as a kind of movement in a virtual force field. The obstacle produces a repelling force on the end-effector while the target point produces an attracting force on the end-effector. In this process, the target point is designed as the global minimum point of the force field. Therefore, under the resultant force, the end-effector can reach the target point.
The end-effector is in the attracting force field all the time, and the attracting force converges to 0 when the position of end-effector is close to the target point. The attracting force field is defined as the square of the distance from the current point to the target point. The expression of attracting force field is defined as follows:
It is defined that the attracting force on the end-effector is the negative gradient of the attracting force field. The expression of attracting force is defined as follow:
Considering the relative position between the current position of end-effector and the target point, the repelling force field is established. The expression of repelling force field is defined as follow:
The expression of repulsion force is defined as shown below
Considering the force on the end-effector, the constraint equation can be obtained base on the smoothness of trajectory and safe distance from the obstacle.
Safety distance constraint expression is defined as follow:
By optimizing the parameters in (3) (4) (5) (6) (7) (8) above, a trajectory with good performance can be obtained, and the simulation result shown in Fig. 3 . 
B. Dynamic Obstacle Avoidance Trajectory
In the human-robot collaborative surroundings, when the human body keeps moving, the APF method will fail to get the trajectory of the end-effector of robots. Repulsive vector method (RV) [11] is used to solve the dynamic collision avoidance problem.
Once the distance ( ( , )
D P O ) between the end-effector and the obstacle is measured, it can be used to plan the trajectory of the end-effector real-time. Here, a relatively low time complexity and effective collision avoidance algorithm is used to produce a collision avoidance trajectory.
Using the method described in Section , the distance ( , ) D P O has been evaluated, and then a repulsive vector is defined as
Where limit V is the maximum speed of the end-effector of UR5 robot, and when the distance ( , ) D P O is greater than ρ , the magnitude of the repulsive vector can be obtained as 0.
When || ( , ) ||
D P O is 0, the magnitude of the repulsive vector converges to limit V . the magnitude of ( , ) If direction of movement of the end-effector is obtained only by the repulsive vector, some dynamic obstacles, which are at a low speed, can be avoided, however, if obstacles are at a high speed, it would be hopeless to avoid collision by moving in the same direction. For example, just as shown in Fig.5 , obstacle (blue trajectory, moving to the right) has a speed of 1.20 m / s and the control point (red trajectory) has a maximum moving speed of 0.85 m / s, and the mode fails to solve the collision avoidance problem. Therefore, a better reaction strategy should be used to escape collision by changing the direction of the movement of end-effector according to the obstacle velocity. If the velocity of the dynamic obstacle is known in advance in a reliable way, the collision avoidance behavior of the end-effector can be well improved. If an obstacle proceeds towards to the end-effector with a greater speed than the motion capability of the robot, the way using the repulsive vector ( , ) r V P O to avoid obstacles will be unsuccessful. Therefore, a better reaction strategy is to escape collision by moving the end-effector in a direction (approximately) normal to the obstacle velocity.
Estimating the velocity of the obstacle in the depth image is not only trivial but also computational expensive. Therefore, a method with lower time complexity is utilized to estimate the velocity information of the obstacle by calculating the variation of the repulsive vector. The repulsive vector and its variation of the control point can be used to modify the direction of the trajectory of end-effector.
Taking into account the above factors, in order to improve the collision avoidance algorithm, the repulsive vector should be modified, and the actual operation is that direction of repulsive vector is modified according to the variation of repulsive vector: 
In this algorithm, β represents the angle between the repulsive vector and its variation. If it is greater than /2, then the obstacle is moving away from the control point. In this case, no additional modification is needed for the repulsive vector. the negative direction of the repulsive vector is used as the direction of movement of the end-effector while the magnitude of the repulsive vector is used as the speed of the end-effector, and then the velocity can be obtained in this way. If β is less than /2, in order to ensure that there is no collision between human body and robot, the repulsive vector need to be adjusted. Vector n is a unit vector orthogonal to the plane where the variation of the repulsive vector ( , ) V P O is more suitable for dynamic obstacle avoidance, like human body. When the obstacle velocity is greater than the maximum velocity of the robot, the obstacle avoidance method which uses vector ( , ) r V P O will inevitably occur collision, while the using of the second method can successfully solve the problem, which has a better safety performance.
C. Collision Avoidance for the Human Body
Considering the unpredictability of the movement of the human body, the proposed method (APF-RV) which combines the artificial potential field method with the repulsive vector method is used for collision avoidance. When human body is within the range of the workspace of the robot, Kinect is used to determine whether the obstacle is moving or not. If the obstacle is static, the APF method will be used to generate a trajectory. If the obstacle is in a dynamic state, the RV method will be preferred used for collision avoidance in order to improve the human-robot safety, and then if the obstacle becomes static, the artificial potential field method will be used again to plan the trajectory. The specific flow is as follow: 
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IV. EXPERIMENTS
A. Experimental Setup
The experimental scenario is set that a robot is executing position tasks through a sequence of desired Cartesian points, while unknow obstacles, like human body, enter its work space. Experiments have been carried out on UR5 robot having n = 6 revolute joints, with a control cycle of 8ms. The degree of redundancy of this robot is n -m = 3 for the primary Cartesian task. The robot workspace is monitored by a Microsoft KinectV2 sensor installed on a base, which is 1.53 meters in height and positioned at a horizontal of 1.70 meters from the UR5 robot. The position of the end-effector is received through the port 3003 of the UR5 robot connected by a socket, and the reading frequency of UR5 controller is 125Hz. Each time the Kinect sensor takes a new image at a sensor frequency of 30 Hz, the position of the obstacle is acquired by Kinect and converted from the camera coordinate system of the Kinect to the base coordinate system of the robot by computer. In Experiment 4, the state of the obstacle is dynamic for a while and then turns static as shown in the following figures. When the obstacle is moving, the end-effector of the robot avoids the collision by using RV method. When the obstacle is static, APF method is used to regenerate the trajectory. In this paper, a new method(APF-RV) for collision avoidance is proposed, which combined APF method with RV method. The core of this algorithm is to deal with dynamic and static obstacles respectively. A new sample approach is used to get the distances between the robot and obstacles in its workspace, which is based on human body identification procedures. These distances are used to generate repelling forces (APF method) or repulsive vectors (RV method) which are processed in order to obtain smooth trajectory that avoid obstacles. The algorithm can achieve a good balance between avoiding the human-robot collision and efficiency of capturing task. A series of experiments on the UR5 robot and the Kinect sensor confirmed the real-time effectiveness and good performance of the method.
